It is normally impossible to measure the source signature in land seismic data acquisition with a dynamite source, because it is normally impossible to separate the incident field from the scattered field. Nevertheless, in any serious attempt to invert the seismic data, it is essential to know the source signature; for the dynamite source this is the volume injection function. The problem can be solved by using two different shots at each shot point and relating the source signatures by the source scaling law, which follows from the invariance of the medium parameters with the size of the charge. The volume injection function of the larger shot is an amplified and stretched version of that of the smaller shot, the amplification factor being equal to the ratio of the charge masses and the time stretch factor being equal to the cube-root of this ratio.
INTRODUCTION
Dynamite as a seismic source has been studied very intensively. The pioneering work of Sharpe (1942a Sharpe ( , b, 1944 showed that, even though the dynamite signature must be very short, it is not a pure impulse, and to see the direct signature, uncontaminated by any scattering effects, requires a homogeneous medium many tens of meters thick.
Experiments have been designed to measure the dynamite signature in great thicknesses of homogeneous material, and the famous Land Seismic Source Study conducted by the Colorado School of Mines (Schneider, 1982) included such measurements. Figure 1 , reproduced from Sixta's (1982) contribution to this study, shows excellent signature measurements at depths of 400 to 1000 ft (122 to 305 m) of the downgoing particle velocity function from a 1 lb (0.45 kg) charge of dynamite buried at 200 ft (61 m) in Pierre Shale. These measurements were made with 8 Hz Mark Products L-1B geophones cemented into a well, and recorded at 1 ms sampling interval with a Texas Instruments DFS V system. Sharpe was not able to make a clean measurement of the direct wave of a dynamite source, because of reflections from the surface and from other interfaces in the layered earth. This is the usual case: it is normally impossible to measure the dynamite signature directly.
The signal from the dynamite charge is known to vary both with the mass of the charge and with the medium in which it is placed (Sharpe, 1942a (Sharpe, , 1944 O'Brien, 1969; Ziolkowski and Lerwill, 1979; Sixta, 1982) . It is therefore difficult to ensure shot-to-shot repeatability of the dynamite source signature when the medium in which it is placed varies laterally over a prospect. For lateral prediction away from well control, there is some uncertainty, consequently, in determining how much of the lateral variations in the seismic data at the zone of interest are due to lateral variations in lithology and fluid content, how much are due to variations caused by the overburden, and how much are due to shotto-shot signature variations. The shot-to-shot signature variations can be removed only if the source signature is known.
A theory is now presented for a method of data acquisition that allows the signature of the dynamite source to be extracted from the data. This method was proposed in Ziolkowski et al. (1980) , and was based on a source scaling law proposed in Ziolkowski and Lerwill(1979) . The idea is to fire two shots of different size at the shot point, instead of one. The shots must be effectively at the same shot point, but sufficiently far apart to prevent any significant interference of the first shot on the second. At each geophone the two shots give two different seismograms: the earth impulse response is the same for both seismograms, but the source signatures are different. The second time derivative of the two signatures are scaled versions of each other, with the scale factor equal to the cube-root of the ratio of the charge masses. The second time derivative of the two signatures and the earth impulse response can be derived from the two seismograms and the scaling law, as described in principle in Ziolkowski et al. (1980) . Ziolkowski and Lerwill (1979) did not derive the scaling law; it was more of a conjecture based on energy arguments, and it was applied to the far field particle velocity function. The scaling law is derived here, using energy arguments, and it is shown that the convolutional model does not apply for the far-field particle velocity function: it applies for the volume injection function of the source, or its time derivatives.
THE DYNAMITE SOURCE MODEL One kg of dynamite burns in about 20
In this very short time it vaporizes and generates very high pressures and temperatures. At the frequencies of interest for seismic reflection at target depths to a few km, say 5-200 Hz, the dynamite pulse of 20 is essentially an impulse. The response of the earth to this high amplitude pressure impulse FIG. 1. Vertical component recordings from cemented geophones using a l-lb charge buried at 200 ft (61 m). (from Sixta, 1982) is nonlinear, but the nonlinear effects are confined to a region very close to the source. The medium around the source can be partitioned into this inner nonlinear zone in which the elastic limit of the material is exceeded, and an outer linear zone in which it is assumed that Hooke's law is obeyed.
The influence of the nonlinear zone can be appreciated by considering some data of Ziolkowski and Lerwill (1979) . Since I want to draw some new conclusions from the data, it is convenient to show the data again here. Consider Figure 2 , taken from their paper. It shows four shot records seen by a spread of eight single geophones spaced at 12 m intervals. The geometry of the experiment is shown in Figure 3 . The records, which were filtered with 250 Hz anti-alias filters and recorded with a sampling interval of 1 ms, are from charges of different sizes, each at 7 m depth. From these results it can be deduced that (1) the source signature is not brief compared with the sampling interval, and (2) the shape of the signature changes with the size of the charge. These nonlinear effects are well known and were noted by Sharpe (1944) . Figure 4 , also from Ziolkowski and Lerwill (1979) , provides further insight into these nonlinear phenomena. This shows a sequence of records of three shots fired successively Ziolkowski and Lerwill, 1979) . The geometry of the experiment is shown in Figure 3 . in the same hole. The three charges were loaded into the hole the explosion. The amplitude of the wave radiating from the with the two detonators (1 and 2) at the bottom, 60 cm apart, source decreases in this anelastic zone by three processes: and the 120 g charge (plus detonator) 60 cm above the upper by permanent deformation of the material, by conversion of detonator, as shown in Figure 5 . The first record in Figure 4 work into heat, and by geometrical spreading. At some disshows the response to the lower detonator, the second tance from the explosion the amplitude of the wave decreases shows the response to the upper detonator, and the third to the point where the stress is below the elastic limit of the shows the response to the 120 g charge.
material. Beyond this point the propagation is elastic. Close to the charge the temperatures and pressures generated by the explosion are intense and the material is deformed anelastically. So, after the explosion, there is a zone of material near the explosion that has been changed by From the data in Figure 4 it can be deduced that the zone of anelastic deformation around the first detonator must be small-less than 30 cm radius-as it has no noticeable effect on the record from the second detonator, with behavior identical with the first. It follows that the anelastic zone around the second detonator must also be small. In practical terms we may also deduce that the 60 cm separation between the detonators is sufficiently large in this clay to eliminate any effects of the first detonator on the behavior of the second. The third record has lower frequency reflections, less resolution, and a noticeable increase in the low-frequency surface wave, or ground-roll, energy. On the first two records there is a resonance at about 220 Hz on the geophones nearest the shot which is barely discernible on the third record (partly, perhaps, because the gain is lower). This is the so-called "spurious resonance" of the geophone and is a horizontal vibration exhibited by all vertical movingcoil geophones. It is excited by the detonators, but not by the 120 g charge. This is clear evidence, observable within the seismic bandwidth, that the radiated elastic energy shifts toward the low frequencies and away from the high frequencies, when the charge size is increased.
In these data the highest frequencies were generated by the smallest charges, and the highest frequency of interest was about 300 Hz, generated by a detonator. The velocity in the near surface is about 1800 m/s and can be determined from the first-arrival times and the geometry. A frequency of 300 Hz has a wavelength of 6 m in this medium. Since we have already established that the radius of the anelastic zone around the detonator must be less than 30 cm, it is clear that the size of the anelastic zone is small compared with even the shortest wavelength of the compressional waves, and the source behaves like a monopole. In what follows, we assume that this monopole behavior, established in these data for the detonator, also applies to dynamite charges of all sizes of interest to exploration seismology. The accepted approach to the modeling of the dynamite source, used in many papers in the geophysical literature (for example : Sharpe, 1942a and b, 1944; Blake, 1952; O'Brien, 1957 O'Brien, , 1969 Peet, 1960) , is to assume a spherical source of radius a, as shown in Figure 6 . The inside of the sphere represents the anelastic zone and the outside represents the linear elastic zone into which a spherical wave propagates. The theory in the next section is well known and is included only to make the paper more understandable.
THE ELASTIC RADIATION FROM THE DYNAMITE SOURCE
Within the linear elastic zone, at radial distances a, there is spherical polar symmetry around an origin at the center of the source, and all field variables depend only on the radial distance and time Displacement is in the radial direction only and is denoted by u(r, t) . There are two components of stress, the radial component au (1) and the normal stress in any direction perpendicular to the radius
in which and are Lame's constants. The linearized equation of motion of an element of material is (3) in which p is the density. The stress can be eliminated from the equations by substituting from (1) and (2) 
It is convenient to express the radial displacement in terms of the displacement potential t) =
for then it can be seen (see the Appendix) that must obey the familiar wave equation for spherical waves
It can be shown that the same wave equation is also obeyed by the dilatation A +-, and by the pressure Equation (7) 
where only outgoing waves have been considered and q(t), with dimensions of volume, is known as the volume injection function. This equation is valid throughout the region where the basic equations (1) (2), and (3) apply; that is for a. The displacement in this linear region is found from equation (10) using equation (6), Dynamite Signature Scaling: Theory t) =
( 1 1 ) where the prime indicates differentiation with respect to the argument. The particle velocity can be obtained from the displacement using the linearized time derivative, or partial derivative with respect to t:
The radial and tangential stresses can be obtained from equations (l), (2), and (11):
Using equations (8) and (9) the very simple expressions for dilatation and pressure can now be found
where K is the bulk modulus and is defined as
Both the dilatation and the pressure propagate outward with velocity as a simple spherical wave with amplitude decreasing inversely as the distance.
The pressure or dilatation in a solid cannot be measured directly. Particle velocity may be measured, but the expression for particle velocity is more complicated: it has two terms, one which decays as and the other which decays as Therefore the shape of the particle velocity function changes with distance. It follows that the seismogram cannot be described as a convolution of a spatially invariant particle velocity wavelet with some impulse response function.
THE CONVOLUTIONAL MODEL OF THE SEISMOGRAM
So far the discussion of the elastic radiation has been concerned with a spherical source in an infinite homogeneous isotropic elastic medium; that is, only the incident field has been considered. Of course there are scatterers within the earth and at the surface. We ignore the effect that these scatterers may have on the way the source behaves. This is an approximation. In the marine case, for example, the surface reflection affects the way an air gun bubble oscillates, as discussed in Ziolkowski (1986) .
At the receiver we measure the total response of the earth to the dynamite charge:
is the measurement, is the volume injection function, h,,(t) is the impulse response of the earth including both the incident and scattered fields, n,(t) is the noise, the asterisk (*) denotes convolution, and the subscripts s and r indicate the dependence on the source and receiver coordinates, respectively. This is the well-known convolutional model of the seismogram [See, for example, Aki and Richards (1980, chapters 2 and 9) ; Ziolkowski, (1991) ]. The impulse response h,,(t) is the response that would be seen at the receiver if there were no noise and if the volume injection function were an impulse at the source position. The source is assumed to be a monopole. Since the nonlinear zone at the source is small compared with all wavelengths of radiation it generates, this assumption is reasonable.
SOURCE SIGNATURE SCALING
The scaling of seismic signatures for the dynamite source has been known for many years. Experiments to verify this scaling were discussed in O'Brien (1969) . In this section the scaling law is derived for the volume injection function, assuming the partition of energy between the linear and nonlinear zones depends only on the medium and type of explosive and not on the mass of explosive.
The energy radiated by the dynamite charge into the linear elastic zone is the work W done by the source on the medium at the elastic radius a:
0 where the integration begins at time t = 0, the time the explosive is detonated. The minus sign occurs because a compressive radial stress moves the material outwards and, from equation (l), it is seen that a positive sign in the radial stress or traction, results in a dilatation, not a compression. There are no contributions to the integral before t = 0, so the integral may have the lower limit as It is now convenient to express this integral in the frequency domain by use of the power theorem (Bracewell, 1965) , which is as follows
where the asterisk superscript (*) denotes complex conjugate and in which we use the following convention for the forward and reverse temporal Fourier transforms
Equation (20) may then be written as in which the Fourier transform obtained from equation (13), (23) ( 24) of the radial stress can be = (25) and where = + The complex conjugate of the Fourier transform of the particle velocity at the elastic radius a can be obtained from equation (12) (27) In this integral, the terms in odd powers of integrate to zero because the contributions at negative frequencies cancel those at positive frequencies. Thus, there is only one term:
This simple expression is the energy that would also be calculated by including only the terms (the terms that dominate in the far field) in the expressions for the radial stress and particle velocity. Thus it follows from the linearized equations for Hooke's law and the equation of motion that all the energy that is radiated into the elastic zone is propagating energy. None of it is locked up as strain energy in the near field.
It has been shown experimentally in Sixta (1982) , among others, that the radiated elastic energy is proportional to the mass of the explosive charge if the medium in which it is placed is constant. It is shown in the next section that the volume of the nonlinear zone is proportional to the mass of the charge. Therefore the energy expressed in equation (28) could also be expressed as a constant multiplied by a This can be achieved by writing the volume injection function q(t) as a scaled version of a characteristic signature (29) which transforms to (30) The energy W in equation (28) can now be written as (31) in which the integral should be a constant for a given medium and dynamite of a given chemical composition.
SOURCE SCALING: A PHYSICAL MODEL
From equation (28) it can be seen immediately that the source spectrum must decay at high frequencies, otherwise the integral will not be finite. The rate of decay of the amplitude spectrum as tends to infinity must be where 6. (If = 5, the integrand in equation (31) tends to at large which integrates to log, (w) and does not converge. If = 6, the integrand tends to at large which integrates to and converges.) In the far field, the amplitude spectrum of the particle velocity v and radial stress is proportional to . Therefore the far-field wavelet, expressed as the radial stress or the particle velocity function, also has a spectrum that must decay faster than at high frequencies. This high-frequency decay is in the volume injection function of the source and must be caused by the nonlinear zone. Peet (1960) , among others, proposed a model for this nonlinear zone and showed that a shock wave has to develop. This is also known from measurements on large explosions (Rodean, 1971) . The radial stress at the elastic radius has to be approximately of the form (33) where is the retarded time measured from the arrival of the shock wave, H(T) is the Heaviside unit step function, is the elastic limit of the radial stress, and is the time constant of the exponential decay of the radial stress behind the shock front and is proportional to a, the radius of the nonlinear zone (Peet, 1960) . The circumflex above indicates that this is only an estimate of the true radial stress. The Fourier transform of equation (33) can be found with the assistance of Bracewell (1965) : (34) At frequencies that are large compared with the inverse of the time constant the amplitude decays as which is enough to satisfy the energy constraint derived from equation (28).
Following Aki and Richards (1980, p. 137) , the impedance of the medium may be defined as the stress divided by the particle velocity. The motion is in the radial direction only and the impedance in the frequency domain is (35) At high frequencies the impedance tends to the real value which is the value for a plane compressional wave. As the frequency tends to zero, the impedance is reactive and tends to the value which is purely imaginary. Thus at very low frequencies the medium behaves like a spring. It is clear from the expression (35) that the impedance of the medium varies smoothly from this purely reactive load at very low frequencies to a purely resistive load at high frequencies. It is of course only the resistive load that is associated with the transport of elastic wave energy. The reactive component reduces as the frequency and the elastic radius a are increased.
As a is increased, the time constant of the nonlinear zone is increased, and the bandwidth at high frequencies is reduced. Thus the theory indicates there must be a shift of propagating energy toward the low frequencies and away from the high frequencies as the radius a of the nonlinear zone increases. This is corroborated by the data, as discussed above. Sixta (1982) has demonstrated in Pierre Shale that the radiated elastic energy is proportional to the mass of the charge. It follows that the energy absorbed by the medium is also proportional to the mass of the charge. Now, following Rodean (197l) , consider how the absorbed energy is distributed throughout the nonlinear zone and assume that the explosion phenomena can be described with reference to a one-dimensional (1-D) spherical coordinate system centered at the location of the explosive. When the explosive is detonated it is converted to a hot gas in a few microseconds, the pressure rising very rapidly to many thousands of bars. Let the initial radius of this gas-filled cavity be as shown in Figure 7a . The cavity expands to a final radius , the condition at which the cavity pressure is in equilibrium with the resisting stress at the cavity wall. The explosion-produced radial stress decays to an elastic wave at the elastic radius a, and has a peak value equal to the elastic limit of the material Consider now the scaling of both the vertical and horizontal axes of Figure 7a by dividing both scales by a, as shown in Figure 7b . The rate of cavity expansion and the velocity of propagation of the stress wave are velocities that are unaffected by the simultaneous scaling of the time and radius axes. These velocities are characteristics of the medium only, and are independent of the mass of dynamite. This mass can only alter the scaling of the axes.
The scaling begins at the dynamite itself because the volume of hot gas produced by the explosion is proportional to the mass M of the dynamite. So is proportional to M the final radius of the gas cavity is proportional to M and the elastic radius a is proportional to M The radius is something that can be measured by digging out the cavity afterwards. Gaskell (1956) did this experiment using small charges in clay and confirmed that this cube-root scaling law was obeyed.
A profile of the peak radial stress as a function of radius is depicted schematically in Figure 8a . Figure 8b shows the same profile with the horizontal axis scaled by the   FIG. 7. (a) Radius-versus-time relation for dynamite vaporization, cavity formation and expansion, and anelastic rock deformation; (b) Same as (a) except both axes have been scaled by dividing by the elastic radius a. elastic radius a and Figure 8c shows the same profile as Figure 8b plotted on logarithmic scales. The power law relation indicated by the straight line in Figure 8c has been corroborated by a large number of measurements of nuclear explosions in different rocks, as shown in Figure 9 (Rodean, 1971) .
There is good evidence for cube-root scaling. For our purposes we write it as a
where C is a constant of the medium.
DETERMINATION OF THE DYNAMITE SIGNATURE USING THE SCALING LAW
If two dynamite shots of different charge size are fired in more or less the same source position-for example, at the same depth in two holes very close together at the same shotpoint-the received signals will be = +
+ (38) where the notation is the same as in equation (18) and the subscripts refer to the first and second charges. The two volume injection functions are related to the characteristic volume injection function according to equation (29): (39) where a and are the elastic radii of the first and second charges, respectively. From equations (39) and (40) we have =
where .
If the noise is negligible, equations (37), (38), (41), and (42) can be solved for the unknowns qs,l(t), qs,2(t), and h,,(t), along the lines proposed in Ziolkowski et al. (1980) . In practice the noise on each trace is not negligible. However, with multichannel common-shot-point data it is possible to improve the signal-to-noise ratio of the signature estimates, as pointed out in Ziolkowski et al. (1980) .
AN EXPERIMENT TO TEST THE THEORY
An experiment in which this theory could be put at risk was proposed in Ziolkowski (1982) , following a discussion with Dr. G. C. P. King. The experiment consists of a third shot of mass M 3 close to the first two. From the scaling law the volume injection function of this third shot is =
where (44) From the first two shots and the scaling law it is possible to obtain estimates of qs,l(t), qs,2(t), and h,,(t). An estimate of may be obtained from (t) using equation (43), and an estimate of the third seismogram can be made by convolving (t) with h,,(t). This estimated seismogram can then be compared with the true seismogram. If there is not a close resemblance between the true seismogram and the estimate, the theory is refuted.
The experiment was performed in 1990 and is described in Part 2 of this paper published in this issue.
CONCLUSIONS AND RECOMMENDATIONS
A scaling law has been derived for the volume injection function of the dynamite source in an infinite homogeneous isotropic elastic medium. The law follows from the invariance of the medium parameters with the mass of the dynamite charge. We may use this law to solve the deconvolution problem for the dynamite source by using two shots of masses and at the shot point. The two shots give two different seismograms each containing the source volume injection function, or source signature, convolved with the earth impulse response, plus noise. The two source signatures are related by the scaling law. This gives three equa-FIG. 9. Peak stress-scaled radius relation from nuclear experiments. (from Rodean, 1971) tions that may be solved for the three unknowns: the two source signatures and the impulse response of the earth. The theory may be put at risk in an experiment using a third shot of mass M 3 whose corresponding seismogram is predictable from the other two.
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